We discuss the possibility of the quantum Hall effect at half-filled Landau level in terms of the pairing of the composite fermions. In the absence of Coulomb energy, we show that the ground state of the system is described by the p-wave BCS pairing state of composite fermions within the weak coupling theory. When the ratio α ≡ (e 2 /ǫℓ B )/ǫ F (ℓ B : the magnetic length, ǫ F : Fermi energy of the composite fermions) is larger than a critical value α c ∼ 8.2 the gap of the pairing state vanishes. However, α remains less than α c in the strong magnetic field limit. Then it is possible that the pairing state which results in the quantum Hall effect occurs in this limit. The effect of the real spin degrees of freedom and the Zeeman energy is also discussed.
The two-dimensional electron systems with partially filled Landau level have rich structures. One of them is the fractional quantum Hall effect observed at odd integer denominator Landau level filling factor [1] . The ground state of this system is the incompressible liquid [2] . Contrary to these odd denominator filling fraction, the quantization of the Hall conductance is not observed at even integer denominator filling fraction [3] . This another type of the quantum liquid has several anomalous properties [4] .
One of the theoretical framework to understand the system with ν = 1/2 is the composite fermion (CF) picture [5] . In this theory, electrons are mapped into CFs which have charge e and the fluxes 2Φ 0 (Φ 0 = ch/e). Halperin, Lee, and Read (HLR) [6] studied this CF problem within the random phase approximation. At the mean field level, the fictitious fluxes attached to CFs cancel the external magnetic field and the system is described as the fermion system in the absence of the magnetic field. The system is, however, not an ordinary Fermi liquid due to the fluctuation of the Chern-Simons gauge field. Including this gauge field, the effective mass of CFs seems to diverge [6] . On the other hand, Greiter, Wen, and Wilczek discussed the possibility of the pairing state of CFs at ν = 1/2 in the absence of the Coulomb interaction.
In this paper, we discuss the possibility of the pairing state of CFs with taking into account the Coulomb interaction in the absence of the disorder. Deriving the gap equation for the spinless CFs and analyzing it, we show that the ground state of the system is the p-wave BCS pairing state of CFs in the absence of the Coulomb interaction. With increasing the ratio α ≡ (e 2 /ǫℓ B )/ǫ F , where ℓ B is the magnetic length and ǫ F is the Fermi energy of the composite fermions, the gap of the pairing state goes to zero. We show that the pairing state occurs in the region of α < α c , where α c ∼ 8.2. The value of α is calculated by estimating the Fermi energy ǫ F contained as the parameter of CF theory. Using the result of HLR, α is ∼ 6.7 in the strong magnetic field limit. Then in that limit, it is possible that the pairing state of CFs which results in the quantum Hall effect. We also discuss the effect of the real spin degrees of freedom and the Zeeman energy.
To begin with, we derive the effective Hamiltonian for the BCS pairing of CFs. The sec-ond quantized Hamiltonian for the two-dimensional spinless electron system in the presence of an external uniform magnetic field perpendicular to the layer is given by
where
Here we take the unitsh = c = e = 1 and δρ(r) = ψ † (r)ψ(r) −ρ withρ the average particle density. We introduce the generalized CF field operators [8] by
with z = x + iy. The factor 2 in the first term of r.h.s. of Eq. (3) denotes the number of fluxes attached to CFs. The operators φ(r) and π(r) satisfy the fermion anticommutation relations.
In terms of these operators, the Hamiltonian is described by
and {A, B} = AB +BA. Note that we have an irregular term which contains {−i∇, iẑ ×δa}, because we perform the non-unitary transformation described by Eq. (2) and Eq. (3). After performing the Fourier transformations, we obtain the effective Hamiltonian for the BCSpairing of CFs;
where ξ k = k 2 /2M − µ and,
with α = (e 2 /ǫℓ B )/ǫ F . The second term of the r.h.s. of Eq. (7) is derived from the irregular term mentioned above. As we will show later, this term breaks the particle-hole symmetry.
Now we discuss the pairing of CFs within the weak-coupling theory. The gap equation of the ground state is given by
To analyze the ℓ-wave paring state, we set ∆ k = |∆ k | exp (−iℓθ k ), where ℓ is an integer and θ k denotes the angle of vector k. Because we discuss the pairing state of spinless fermions, ℓ must be taken as an odd integer. Substituting this expression into Eq. (8), we obtain
To get the nonzero |∆ k |, I ℓ (k, k ′ ) must be positive. This is possible only in the case of ℓ > 0, where
The difference of the behavior of I ℓ (k, k ′ ) between the regime of k < k ′ and k > k ′ is caused by the second term of the r.h.s. of Eq. (7). The reason why we encounter this non-symmetric behavior of the gap equation is that we perform the non-unitary transformation.
To solve the gap equation, we introduce an approximation for |∆ k |;
With this approximation, the gap equation is transformed into
On the other hand, the ground state energy difference (≡ δE) between the pairing state and no-pairing state is given by
We can show numerically that δE ≤ 0 for ∆ ≥ 0 and the larger ∆ gives the lower δE. case must be applied to the real system depends on the value of ǫ F . In the analysis of HLR [6] , they estimated the effective mass in the limit ofhω c ≫ e 2 /ǫℓ B . Using their analysis, α is estimated to ∼ 6.7. This value of α is lower than α c . Hence the pairing state of CFs is possible in the region ofhω c ≫ e 2 /ǫℓ B which is realized in the more strong magnetic field than the experimental situation of Ref. [3] , wherehω c ∼ e 2 /ǫℓ B .
Next we discuss the effect of the real spin degrees of freedom and the Zeeman energy.
First we discuss the former in the absence of the latter. The spin unpolarized pairing state is possible as in the case of the bilayer quantum Hall systems [9] . In this pairing state, the expression of the ground state energy is δE times 2 because of the spin degrees of freedom.
However, Eq.(14) contains the Fermi wave number as the parameter in the explicit and implicit way and δE is proportional to k pairing state is half of δE estimated in the case of spin polarized case. Being δE < 0, the spin polarized state is preferred than the spin unpolarized pairing state. As a result, it is enough to consider the pairing of spinless CFs [10] . With regard to the effect of the Zeeman energy to the spinless CFs, it is nothing but shifting the chemical potential.
In summary, we derived the gap equation and the ground state energy for the spinless composite fermions and discussed the effect of the Coulomb interaction within the weak coupling theory. In the absence of the Coulomb interaction, the pairing state of composite fermions occurs and the symmetry of this pairing state is the p-wave. This pairing state is possible at the region ofhω c ≫ e 2 /ǫℓ B which is realized at the strong magnetic limit.
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